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EFFECT OF MACH AND REYNCLDS NUMBERS ON THE MAXIMUM LIFT
COEFFICIENT OBTAINABLE IN GRADUAL AND ABRUPT STALLS
OF A FURSUIT ATRFLANE FQUIPFED
WITH A LOW-DRAG WING

By John R. “preiter, George M. Galster, and William K. Blair

SUMMARY

Flight tests were conducted on a pursuit airplane, which has an
NACA low—drag wing, to determine the effects of Ma-h and Rewvn~lds
numbers on the maximum 1ift coefficient obtainable in graduasl and
abrupt stalls. Gradual stalls were made at Mach numbers from 0.145
to 0.67 and Reynolds numbers frem 5,200,000 to 19,300,000, Stalls
of varying degrees of abruptness were made at sela'+eA Mach numbers
from 0.195 to 0.4l and Reynolds numbers from 5,370.200 to 11,200,000,

The test results indicated that the maximum lift coefficient
obtainable in a gradual stall was greatly affected b Mach number as
well as Reynolds number, even when the Mach number we's as low as 0.15.
As the Mach number was increased from the lowest valuc tested, the
maximum 1ift coefficient decreased steadily until a minimum value of
0.90 was reached at a Mach number of 0.49 and *hen increased reaching
a value of 1.09 at a Mach number of 0.66, In addition, the usual
Reynolds number effects were postponed to a larger Revnolds number
and were diminished in magnitude until, at speels greater than the
critical Mach number, no effects of Reynolds number were apparent.
The maximum 1ift coefficients cbtainable in abrupt stalls were found
to be limited by Mach number but were Iindependent of Reynolds number,

A comparison is made with corresponding data obtained for a
pursult airplane equipred with a conventional wing, which is very
gsimilar to the test airplane. Results show that at low Mach numbers
the maximum 1i1ft of the airplane with the conventlonal wing was
greater than that.of the airplame-equipped with-the low-—drag wing.
At moderately supercritical Mach numbers, however, the maximum 1ift
of the airplane with the low—drag wing was much greater than that of -
the airplane with the conventional wing.
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INTRODUCTION

While extensive information on the characteristics of NACA low-
drag airfoils has been provided by wind--tunnel tests, the character—
igstics of practical construction wings having the low—drag airfoil
sections have not been as completely evaluated. In order to provide
comparative data on the maximum 1ift characteristics of wings having
low-drag and conventiocnal airfoil sections, flight tests have been
conducted at the Ames Aeronautical Laboratory on two airplanes of
otherwise similar configuration.

Reference 1 presents data on the effects of Mach and Reynolds
numbers on the maximum 1lift coefficient obtainable in gradual stalls
of a pursuit airplane vhich has a wing with conventional airfoil
sections. In the present report information is provided on the
effects of Mach and Rernolds numhers orn the maximum 1ift coefficient
obtainable in gradual and abrupt stalls of a similar pursuit airplane
which has a wing with low-drag airfeil sections. For purposes of
comparison data from refcrence 1 are included in the present report,

DESCRIPTICN COF THE ATRFLANE
The test a’rplane is a single-rlace, single—engine, low-wing,
cantilever monovlane. Figure 1 1s a three—view drawing of the air-
plane and figure 2 shows the airplane as instrumented during the
tests., The profiles of the root and tiv airfoils are shown In

figure 3. The general specifications of the alirplsone are as follows:

Fngine . . . . « . & ¢ 4 4 4 4 v v e 4 s s 4« « . . Liguid-rooled,
‘ V12, V=1710-93

e« o « o o Hrdraulically overated,
constant speed

Fropeller. . . . . . ; e e e e .
Diameter. v ¢ v ¢ ¢ v o o o & o 6 v 4 e s e e o o« o 11T 7 in.
Proneller deS1@N. « v v v s e o v e e e e e e e . . . ASk2-S-D
Blade deSi@N. v v v v v v 4 e 4 v e e e e e e e e . . AD0-156-17

Weight at take—off (as flown). . . . . « . &« + « o « . . 8300 1b

Center—of—gra#ity pbsition at take—off
(as Flown). v v v v v « v « = 4 « « o« « « . . 26,3 percent M.A.C.

Wing
S« 2 o e T 38.33 ft

ATOA. v 4 4 o o o o o o = o o o ¢ 4 o 4o 4w v 4 e w4 . 248 gq ft
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percent
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TNSTRUMENTATION

A e s e e e 506'17"

. ... .6.88 1t
NACA 66,24-116(a=0.6)

NACA 6h,2%-216( a:d; 6)

. . . . . 1515 5q Tt

StandarvaACA thotogravhically recording flight inatruments

as a function of time,
pressure altitude, normal acccleration, and
The head used for the measurement

the following variables:

of airspeed was mounted on a boom cxtending 4.2 feet ahead of the
leading edge and located 2.1 feet inboard of the left wing tip. The

installation was calibrated for position error.

Indicated airspeed

as used in this report is defined by the following formula by which

standard alrspeed meters

where

Vs correct indicated airspced, miles per hour
H free—stream total pressure

P free-gtreom static pressure

Po

C.286
V4 = 1703 R-—a- + 1> -

standard atmospheric pressure at sea level

are calibratod:
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The free—air temperatures were obtained from radicsonde obser—
vations taken during the mornings and evenings of the dates of the
test flights and were checked in flight by reading a free-air-
temperature indicator comnected to-a temperature buldb mounted under
the wing of the airplane.

s

TEST PROCEDURE "

. Tests were made with the flaps and gear up, oil— and coolant—
duct shutters closed, power off, and with the propeller in the
constant-speed high-pitch. b051t10n.

Gradual stalls were made in turns at speeds fhfoughout the
available range at 5,100, 8,800, 13,500, 17,500, 21,300, 24,500,
29,400, and 32,300 fect pressure altitude. Stalls of varying degrees
of abruptness were made at selected speeds and altitudes throughout
the available Mach and Reynolds number range. With a few exceptions,
all stalls were made within 200 feet of the listed altitude and
miles per hour of the listed speeds.

RESULTS AND DISCUSSICN

The maximum 1ift coefficient obtainable by an airplane in
flight may be limited by uncontrolled—for motions or very severe
buffeting. This point is emphasized because the maximum 1ift coef-
ficient obtainable in fiight is determined not only by the maximum
1ift coefficient as measured in a wind tunnel, but also by the con—
trollability when near the stall. The test airplane usually pitched
down and rolled scmewhat at the stall. At the highest Mach numbers
tested, however, the airplane rolled suddenly to the right at the _
gtall., These control characteristics at the stall may have prevented
the attainment of the uitimate maximum lift coefficient that would
be measured in a wind tunnel, Buffeting severe enough to prevent
the maximum 1ift coefficient from being attained was not encountered.

In computing 1lift coefficients, the lift was assumed equal to

the normal force WAz; 1t was estimated that the error involved in
this assunmption was less than 3 percent.

WA

C = —=
Lma.x go
where

CI maximum 1ift coefficient

W weight of the airplane, pounds
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Ay normal acceleration factor, the ratio of the net
aerodynamic force along the airplane Z-axis at the stall
(positive when directed upward), to the weight of the

airplane e
S . wing aréa, square feet
q dynamic pressure at the stall, pounds per SQuare foot

Gradual Stalls

The maximum 1ift coefficient obtainable in gradual gstalls is
the quantity most similar ‘o the steady-state maximum 1ift.coeffi-
cient measured in wind tunnels. Aé_such, it reprcsents the maximum
useful 1ift coefficient and is of importance in estimating the
landing speed and the turning ability of an airplane.

Curves of the maximum normal acceleration fartor obtained in
gradual stalls, corrected to ah airplane weight of 8000 pounds, are
plotted as a function of indicated airsypeed at each test altitude in
figure 4 and are crosg—plotted as a function cf altitude for constant
indicated airspeed in figure 5. These curves show that, at low
speeds, the maximum normal acceleration factor decreases with an
increase in altitude. At high speeds and altitudes, however, ' a
critical point is reached beyond which the maximum normal accelera=
tion factor increases with an increase in altitude. The regsons for
these variations will be shown in the subsequent sections, gf the
report. :

Effect of Mach number on the maximun 1ift coefficient.— The
variation with Mach number of the maximm 1ift coefficient obtainable
in gradual stalls at cach tost altitude is shown in figurc 6. At -
cach altitude the maximum 117t cocfficiont. decrcases to 0.90 as the
Mach number increases to 0.49 and then incrcases with further
increases of Mach number rcaching a valuc of 1.09 at a Mach number
of approximately 0.66. There is an indication of a tondency to peak
at this valuc, which is similar to the tendency previously obscrved
in wini~tunncl tests. (Sec reference 2.) In the low Mach number
region, the maximum 1ift cocfficient dccreases markedly with increases
of altitude; whercas at higher Mach numbers the effects of altitude
become very small.

The data shown in figurc 6 are replotted in figure 7 to show
the variation of the maximum 1ift coefficient with Mach number for
congtant Reynolds numbers. For all except the 6,500,000 and
8,000,000 Reynolds number lines the maximum 1ift coefficlent
decreases almost linearly with incrcascs of Mach number M at a

5CLmax

&M

rate of approximately —1:75. This variation may bc caused,
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as described in reference 2, by the thickening of the boundary layer
which reduces the circulation or by the earlier separation resulting
from the steeper adverse pressure gradients associated with larger
Mach numbers.

Theoretical computations made in reference 3 indicated that the
wing tip and root airfoil sections have critical Mach numbers of 0.LL
and 0.40, respectively, at a 1ift coefficient of 0.90. It appears,
therefore, that the increase in the maximum 1ift coefficient is
caused by an increase in the chordwise extent of the low—pressure
region on the upper surface following the formation of a supersonic
velocity region. This phenomenon has previously been noted in
reference 2. In order to illustrate the point, pressure distribu—
tions from reference 2 for an NACA 16-515 airfoil at an angle of
attack of 11° at Mach numbers of 0.40, 0.55, and 0.60 are presented
in figure 8. These pressure distributions show that, as the speed
is increased from subcritical speeds to moderately supercritical
specds, the upper-surface pressure—distribution changes from one
with a sharp nezative pressure peak followed immediately by a stsep
adverse pressure gradient to one with a lower, more rounded, negative
pressure peak with the steep adverse—pressure—gradient region of the
shock wave moving rearward with incrcasesg of Mach number. While this
phenomenon 18 occurring on the upper surface, the lower—surface
pressure distribution is remaining essentially unchanged, thereby
accounting for the gain in 1lift. Unpublished data on file at Ames
Aeronautical laboratory show that similar changes in pressure distri—
bution occur on an NACA 66,2~Ql5 airfoil which is very similar to
that used on the test airplanc. As the critical Mach number is first
exceeded, the rounded pressure veak prceduces a higher maximum 1ift
coefficient, but as the Mach number is increased further, the 1loss in
1ift due to the decreasing valucs of the limit negative pressure
coefficients (a concept presented in rcference 4) finally overcomes
the Increase due to the rearward movement of the shock wave.

Figure 9 presents data obtained from reference 1 showing the
variation of the maximum 1lift coefficient with Mach number for
congtant Reynolds numbers for powor—off gradual stalls of the afr-
plane cquipped with thc conventional wing. This airplane is similar
to the test airplane excent for the wing sections. The wing of the
airplane described in reference 1 consists of NACA conventional
scctions taporing from an NACA 0015 at the wing root to an NACA 23009
at the tip. It should be noted that the curves for the airplane with
the conventional wing arc slightly different from those originelly
prescented in reference 1, due to the correction of some small errors.
A comparison of the curves of figure 9 with the corresponding data
for the test airplane reveals that the character of the variation of
the maximum 1ift coefficient with Mach number differs greatly for
the two airplanes. In contrast to the variations previocusly noted
for the test airplane, the maximum 1ift coefficient of the airplane
of reference 1 decreased stcadily with increasing of Mach number
throughout the entirc Mach number range tested. Unpublished airfoil
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data on file at Ames Aeronautical Laboratory indicate that this char—
acteristic is typical of conventional airfoils and that the large
chordwisé extension of the low-pressure region at moderately super—
critical Mach numbers illustrated in figure 8 does not occur on con-
ventional airfoils,

A comparison of the data obtained at low Mach numbers reveals
that the naximum 1ift coefficient of the airplane with the conven—
tional wing is greateor then that of the test sivplane. At super-
critical Mach nurbers, however, the meximum 1ift of the coaventional
wing was much less than that of the low-drag wing.

4.

E*fect _of Re"QOLi nurthey on the maximom 1ift coefficient.~
Figurc 10, a cross piot of Tiguare 7, -ows ohac as the Revnolds
numier is Iincreased at constant Mach numoters the maximum 1lif't coef—
ficient at first remains nearly consteant; but when a critical
Reynolds number is reached, the maximum 1ift coefficient increases
rapidly to a higher value and then reriains nearly constant again
with Turther increasea of Reynolds nwiber. The rarid increase of
the maximum 1ift coefficient has teen chown in reference © to be
associated with the chenge from laninar separation to turbulent
separation. Fiapure 11 shows that the critical Reynolds nunber
(Reynolds number at which the mexinum 1ift cosfficient siarts its
rapid increase) increases nearly linealy with Mach number. There
are two effects which could cauze such a variation of critical
Reynolds number with Macn nuamber. One is the ir.rease of kinematic
viscosity in the boundary layer of a compressivle flvid due to aero—
dynanic heat which causes the ratio of the local Reynolds nvamber
(based on boundarv—layer conditions) % Jhe free-—-gireen loynolds
nunber to diminish as shown in referenre 6. Accordingly, as shown by
references 7 and 8, a larger free-sbre m.Re"noldw myrabor would be
necessary to reach the local critical Eeynolds numbers required for
transition from a laminar to a turvalcnt boundary layer. A second
possibility is due to the fact that incressing the Mach number in the
subcritical range has cffects on the uprer—surface pressure distribu-
tion similar to that of decrecasing the airfoil thickness., The pros—
surc peaks become sharper and the adverse pressure gradients become
steeper. Decreasing the airfoil thickness is shown in reference 5 to
increase the critical Reynolds number, hence similar effects due to
increasing Mach number would be enticipated.

As the Mach number increases, the effects of Reynolds number on
the maximum 1ift cocfficient decrcase until, at supercritical Mach
numbers, no offects are apparent. The Reynolds number effects arc
probably suppresscd in the supercritical Mach number region becausc
the scparation point may be determined entirely by the position of
the shcock wave rethor than by the gradual growth of the boundary

laycr that cccurs in suberitical flow.

Fipgurc 12 for the airplane of reference 1 indicates that the
Reynolds number: effects on the maximum 1ift coefficient are of a
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similar nature to those determined for the test airplane. As the
Mach number is increased, the effects of Reynolds number decrease
until at a Mach number of 0.60, no effects are discernible. Although
not included in the test range, it appears from the shape of the
curves that the critical Reynolds number increases with increases of
Mach number in a manner similar to that observed for the test air—
plane.

The results of these tests indicate the necessity for consideor-—
ing both the individual and iInterrelated effects of Mach and Reynolds
numbers in the prediction from wind—tunncl-model data of the maximum
1ift cocfficient of an airplane flying at subcritical Mach numbers.
This becomes of special importance in the prediction of landing
snced. At speeds greater than the critical Mach number, however, the
maximum 1ift coefficient is shown to be independent of Reymolds
number cver the range of the tests (9,000,000 to 16,500,000).

Calculated minimum radius of turn.— The e¢ffects of the varia—
tion of the maximum 1ilt crefficicent with Mach and Roeynolds numbers
on the rmencuvering characteristics of tho test airplanc zre illus—
tratcd by the curves of figurce 13 chowing the calculatced minimum
radiug of a propcerly bankced, power--off, horizontal turn at various
altitudes plotted as a functisn of indicated airsgood and that com—
putcd by using a low Mach number value of the moximum 1ift coefTi-
cient (1.30).

A comparison of the two curves for vach altitudc shows the large
detrimental effects on the turning ability of tho test airplanc thet
result from the decrease of the maximum 1ift cocfficicnt with
incroascs in Mach nurbor. This comparison indicateos the nccessity
for considering Mach number effocts in estimating the turning por—
formance of airplance, copccicily at high altitudes.

5

Abrupt Stalls

Although the higher 1ift obtained in abrupt stalls is not a
useful quantity in increasing the mancuvorability or decrcasing the
landing svecd of an airplanc, it 18 considercd, at prescent, in
designing airplanes to withstand loads imposcd by verticzl gusts and
by abrupt mancuvers. Although the tests werc made by stalling the
airplane in very abrupt pull-ups, similar maximum 1ift characteris—
tics would be anticipated in stalls produced by flying into a verti-
cal gust becausc both thenomena arc caused esscntially by the lag of
the flow scparation following a sudden increasc in thc anglc of
attack. The orfccts of pitching velocity and Mach and Roynolds
numbers on the maximum 1ift coefficicnt will be discussed in the
following sections.

Effccts of pitching velocity on the maximum 1ift coefficiont.—
The effocts of pitching velocity on the maximum 1ift coefficicnt are
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shown in figure 14 whore the maximum 1ift cocfficient is plotted for
various speeds and altitudes as a function of the excess pitching
.angle per chord length of travel. .This parameter is

Vi

where

&g excess pitching velocity (the difference between the actual
pitching velocity and that required to ma’ntain the airplane
in a stcaly turn or pull-up at a constant angle of at*ack
corresponding to the speed, altitude, normal acceleration,
and attitude of the airplanse at the time of tho stsll),
degrees per sccond

c mean aerod;nemic chord, fcet

V truc airspecd at the time of the stall, feot per scecond
T ¢

Usc of this parameter *o aid in the gencral application of thesc data
is Justificd in refercncc 9 where it is pointed out that it rcpreosonts
the condition for dynamic similitude of unstcady zcccleoration forcea.

Figurc 14 shows that the maximum 1ift cocfficicnt incro-scs
nearly lincarly with rate of pitching until 2 limiting valuc of tho

increases in pitching velocity.

Effect of Mech and Reoynolds numbers »n the meoxirnva 1ifL coocffi—
cicnt.— The limiting valuc of the maximum Lift cocfficicvnt obtolinoolo
in abrupt stalls is plotted as a function of Moch numbor mnd nltitude
in figurc 6 and is shown to decreosc rapidly with incrcoscs of Mach
numbcr but to be independent of the altitudc and, conscquontly, the
Rcynolds numbor. - As a2 result of theorcticnl calculations indicoting
that the critical Mach nuwmbor of the wing is cxcoedod ot 1ift cooffi-
cionts below the limiting velue obtained in the nbrurt stalls, it
appears that the maximum 1ift cocfficicnt is limited by the limit
pressurc cocfficionts or by boundary-laror scparation induccd by tho
compression shock wave rather than by the normol growth ond scpara—
tion of the boundary laycr. The maximum 1ift cocfficient, thorcfore,
bocomes relatively independont of the lag of the flow seperation ond
‘remains nearly constant with further increascs of pitching velocity.

The tronds of the curves shown in figure 6 suggost that the
maximum 1ift cocfficiont obtainoble in abrupt stalls moy approach thet
obtainable in gradual stalls at a Mach numbor of aprroximatcly C.AD.
Such an oxtrapolation appears plausible because, in both gradunl ond
ebrupt stalls at these Mach numbers, the maximum 1ift cocfficiont is
becoming limited by the rcduction in limit pressurc cocfficicnt.

-
L
-
Ao
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Comparison With Calculated Limit Lif?% Coefficient
The limit 1ift coefficient, a concept introduced in reference b
ig defined as the 1lift co ufflClent at which rotential flow ceascs to
exist (viz, the 1lift coefficient at the so--called compressibility .
burble) end is shown to be in agreement with the mexirum 1ift coeffi-
cients measured in abruvt stalls of a P-47C-1 airplanec.

The 1limit 1ift ceefficient was compubed for the test alrplane
by the method outlined in relerence Figure 15 shows a comparison
of this caleulated 1limit 1ift coefficient with the maxirmm 1ift coef-
ficient obtainabie in the graiual and abrupt stalls. At Mach numbers
less than 0.51, the curve shows that the calculated limit 1ift coef-—
ficient is less than the marimum 117t coefficlent measurad in abrupt
stalls, and that this limit 1if%t coefl

=

ficient decreases with incrcasecs
in Mach rnumber. At a Mach number >F O.6IJ howevsr, tho calculated
llmjb 1ift cooffi:icnt increasges suideniy, reaching, at a Mach number
of 0.54, a value slightly greater than t o maVLmum 1ift 2oef°icient
m°¢cured in graduzl stalls at that Mach numbor. th Turthor

inereases in Mach number, the 1imit 1ift ceed ,1ant decroasss
abruptly reaching a valuv of zero at a Mach number of approximately
0.79,

Although the value of the limit 1ift coofficiont is in fair
asreoment with tho maximun 1ift coefficicnt at Mach numbors iess then
0.(5, the tomporary risc in thoe : 1iTH enefficiont at & Mach

mabor of 0.51 Is merely a coinc and the abrurt drop at a
Mach number of O 54 is not indica s the trond of the flight data,
nor is it shown by unvablished wind-— tun“”W data (on file at Ames
Acronautical Laboratorv) on s milar scouvlons bested to mach higher
Mach numbers. The discrepancy is traccab¢o, in this instance, to
rathor larae differcnces botween oxperimental high Mach number pros—
surc distribution and thosc predicted by the methed of rcforonce b,
The sudden ‘ncrcase of the calculated limit 1lift coufficiont at a
Mach number of 0.6l occurs when the anglce of attack docreascs to the
valuc at which tho minimum—prossurce—poeak position moves rapidly from
ncar the leading cdge to the S0-percent—cherd statlon. With further
increascs of Mach numbcr, the negative 1ift on the lowcer surfacoc
increcascs rapidly until, at a Mach number -f 0.685, the calculatcd
limit 1ift coofficient approaches zero or an indctorminate valuc.

CCNCLUSIONS

Trom tosts of the maximum 1ift obtainablc in gradual and abrupt
stalls of the test airplanc, the following conclusions have bcen made:

1. A limiting valuc of thc maximum 1ift coocfficicnt obtainable
in veory ebrupt stalls was found which docrcnsecd with incrcascs in Mac
number and was indepondent of Ruynelds numboer.
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2. Reynnlds number had Tess effect on the maximum 1ift coeffi—
cient obtainable in gradual stalls at high Mach numbers than at low

Mach numbers, no effects being aprarent at Mach numbers greater than
0.50. B ‘

3. The increase in the maximum 1ift coefficlent due to Reynolds
number occurred at higher values of Rey nOLdS number at high Mach
‘numbers than at low Mach numbers.

Lk, The maximum 1ift coefficient was affected by compressibility
at Mach numbers as low as 0.15.

5. The maximum 1ift coefficient cbtainable in gradual stalls
decreased nearly lirearly with increases in Mach number until a
mznlmam.value of 0,90 was reached at a Mach number of 0.49, and then
increased with further increases in Mach number until a value of
1.09 was r&acned at a Mach number of 0.65.

6. At low Mach numbers the maximum 1ift of the airplane with
the conventional wing was greater than that of the test airplane
equipped with the low—drag wing. At modsrately supercritical Mach
numbers, however, the maximuwa 1ift of the low—irag wing was much
greater than that of the conventional wing.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., July 6, 1945.
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A/RFON. SECT/0ONS OF 7HE
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